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INFLAMMATION after tissue injury is a critical component of wound repair. Inflammatory cells migrate to the wound and promote tissue regeneration by removing cellular debris, killing and phagocytosing invading pathogens, and producing cytokines that promote angiogenesis, collagen production, cellular migration, and wound epithelialization. Activation of the innate immune system is critical for these responses, as depletion of macrophages is known to significantly inhibit wound repair and regeneration (15, 29) . Although it is clear that inflammatory cell migration and innate immune system activation are critical for wound repair, the cellular mechanisms that regulate these responses have not been completely elucidated. Previous studies have focused on production of local cytokines by degranulating platelets (26) and activation of immune responses by invading pathogens (1); however, these mechanisms fail to provide a rationale for inflammation during wound healing responses in platelet-deficient animals or in sterile wounds (25, 43) . Therefore, recent studies have investigated the role of locally produced factors released as a result of tissue injury in the regulation of inflammation, wound repair, and tissue remodeling (6, 39) .
The hypothesis that locally produced tissue factors can regulate inflammatory responses is supported by studies of traumatic injury (23) , ischemia-reperfusion (19, 53) , and autoimmunity (40) , demonstrating that expression of endogenous molecular signals can promote activation of innate immune responses and sterile inflammation (52) . These endogenous mediators of inflammation, termed endogenous danger signals, include high-mobility group box 1 (HMGB1), S100A8, heat shock protein 70 (HSP70), and a variety of others. These molecules are ubiquitously expressed, normal cell constituents released by damaged cells (46) or secreted by activated immune cells (12, 47, 54) . Similar to pathogen-associated molecular patterns, endogenous danger signals activate pattern recognition receptors including toll-like receptors (TLRs) to initiate innate immune responses (6) . The importance of these pathways to wound repair is illustrated by studies conducted on mice deficient in MyD88, a downstream effector of TLRs, demonstrating abnormal dermal wound healing as a result of dysregulated angiogenesis and macrophage function (24) . In addition, recent studies have demonstrated that HMGB1 expression is decreased during impaired wound healing in diabetic mice and that exogenous application of this molecule can promote wound repair in these (49) and other circumstances by increasing cellular migration and proliferation (8, 33, 35) . However, the precise spatial and temporal patterns of HMGB1 expression during wound healing are less well characterized. Furthermore, the cellular sources of endogenous danger signal expression during wound repair are inadequately described.
Similar to chronic wounds, sustained inflammatory responses are known to occur pathologically in lymphedema, and recent studies suggest that this response is an important regulator of lymphatic dysfunction and soft tissue fibrosis (5). In addition, microarray analysis of lymphedematous tissues has demonstrated that lymphedema is a potent inducer of gene expression for several endogenous danger signals, suggesting that these molecules contribute to the inflammatory reaction associated with lymphedema (50) . No previous studies, however, have determined the expression patterns of these mole-cules in lymphedematous tissues or the role they play in the regulation of inflammatory lymphangiogenesis, thus limiting our knowledge of the potential complex roles of endogenous danger signals in the regulation of inflammation and lymphangiogenesis.
In the current study, we determined the spatial and temporal patterns of the endogenous danger signals HMGB1 and HSP70 using surgical mouse models. During wound healing, we found that the primary sources of these molecules are a variety of native cell types including fibroblasts, adipocytes, and endothelial cells. Interestingly, we show that expression of HMGB1 is upregulated in lymphatic endothelial cells (LECs) in response to acute and chronic inflammation. In addition to wound healing, HMGB1 and HSP70 expression was upregulated by lymphatic fluid stasis both in the mouse tail model and in a mouse axillary dissection model. Similarly, HMGB1 and HSP70 expression was increased in lymphedematous tissues harvested from patients with secondary lymphedema compared with the normal contralateral limb. Finally, we show that the blockade of HMGB1 function attenuates inflammatory lymphangiogenesis. Taken together, our data suggest that the expression of endogenous danger signals is increased during wound repair and in association with lymphatic fluid stasis. Expression of HMGB1 in response to inflammation may play a role in regulating lymphangiogenesis.
METHODS

Lymphedema Models
Mouse tail model of wound healing and lymphedema. Tail incision or excision was performed in 8-to 10-wk-old female C57BL/6 (The Jackson Laboratory, Bar Harbor, ME) mice using previously described techniques (3, 9) . Briefly, for incisional healing, a circumferential incision of the mouse tail was made 20 mm from the base of the tail with care taken not to disrupt the deep lymphatic system or the lateral tail veins. For excisional wound healing, a 2-mm wide circumferential portion of skin was excised 20 mm from the base of the tail, thereby disrupting the superficial lymphatic system. In addition, the deep collecting lymphatics adjacent to the paired lateral tail veins were disrupted using a dissecting microscope (Stereozoom SZ-4; Leica, Wetzlar, Germany). Tegaderm dressings were applied circumferentially and removed after 5 days. We and others (7, 9) have shown that tail excision leads to sustained tail edema for Ͼ6 wk, whereas tail incision results in minimal edema and rapid wound repair by ϳ14 days postoperatively (50) . Animals (n ϭ 7-10 per group per time point) were euthanized after 1, 2, 3, or 6 wk postoperatively, and tail tissue was harvested for tissue sectioning and protein extraction.
Axillary dissections. C57BL/6 female mice (8 -10 wk old; n ϭ 8) were injected in the right front paw with 10 l 1% Evans blue dye (Sigma-Aldrich, St. Louis, MO) and anesthetized (80 mg/kg ketamine and 12 mg/kg xylazine). An incision was made in the right axilla and carried down through clavipectoral fascia to the axillary fat pad and axillary lymph nodes. Blue-stained nodes and any associated axillary lymph nodes were removed along with the axillary fat pad. The same amount of Evans blue dye was injected in the contralateral paw and an identical incision was made in the contralateral (left) axilla, and but no lymphadenectomy was carried out. Micro-CT scans (MicroCAT II, ImTek, Berlin, Germany) of front limbs were performed at 3 wk postoperatively, and bilateral arm area calculations were determined by analysis of transverse CT slices using ASIPro (Concorde Microsystems, Knoxville, TN) and IDL Imaging Software (Research Systems). Tissue was harvested (n ϭ 5) from the upper and lower portion of the limb and protein pooled for Western blot analysis of HSP70 and HMGB1 expression. All animal experiments followed regulations set forth by the Institutional Animal Care and Use Committee and Resource Animal Research Center at Memorial Sloan Kettering Cancer Center.
Human chronic lymphedema. Six patients with chronic grade II or grade III lymphedema of an upper extremity secondary to axillary dissection underwent 5-mm punch biopsies of the lymphedematous limb and the exact same location of the contralateral normal limb as previously described (4) . Matched punch biopsy sections were paraffin embedded and sectioned for further histological study. All patients identified gave informed consent and all protocols for the use of human subjects were approved by the Stanford University IRB Committee.
Lymphangiogenesis Models
Chronic peritonitis model. C57BL/6 mice 8 -12 wk of age (n ϭ 6 per group) were administered lipopolysaccharide (LPS, 50 mg, SigmaAldrich) or phosphate-buffered saline (PBS) injections intraperitoneally daily for 2 wk. Mice were euthanized and diaphragms were excised and embedded in OCT media (Tissue-TEK, Torrence, CA). Fresh frozen tissue sections (5 m) were prepared with transverse cuts through diaphragms for histological staining.
Inflammatory lymph node lymphangiogenesis. C57BL/6 mice 8 -12 wk of age (n ϭ 7 per group) were administered 20 l of a 1:1 mixture of complete freund's adjuvant (CFA, Sigma):ovalbumin (OVA, Sigma; 2 mg/ml) in the hindlimb paw. PBS (20 l) was administered to the hindlimb paw of the contralateral limb. To inhibit HMGB1 function, animals in the experimental group received intraperitoneal injections of glycyrrhizin (GLZ, 10 mg every other day, Calbiochem, San Diego, CA) starting 24 h before paw injection, while control animals received intraperitoneal injections of PBS according to the same schedule (10) . GLZ is small molecule inhibitor previously described to directly bind and inhibit chemotactic and mitogenic activity of HMGB1 (14, 30) . A 100 mg/ml GLZ solution was prepared in a 50 mM NaOH and brought to pH 7.4 according to previously published methods (10) . After a 5-day treatment period, animals were euthanized, and popliteal lymph nodes were harvested and embedded for fresh frozen section preparation and histological staining.
Tail Volume Measurement
Tail diameters were measured by two blinded investigators at 10-mm intervals from the distal wound edge using a digital caliper at weekly intervals in each animal, and tail volumes were calculated using a truncated cone formula according to previously published methods (9) . Pre-and postoperative volumes were compared in the same animal to determine percent change in volume over time.
Histology
For sectioning, tail specimens prepared from sagittal sections containing the wound bed were fixed in 4% paraformaldehyde, decalcified in Immunocal reagent (Tallman Chemical, Tallman, NY), paraffin-embedded, and prepared in 5-m sections for histological analysis.
Immunohistochemistry (IHC) was performed on paraffin-embedded mouse tail and human tissue sections to analyze endogenous danger signal expression patterns. Primary antibodies were used against HMGB1 and HSP70 (Abcam, Cambridge, MA), and staining was performed according to our previously published techniques (27) . Briefly, permanent sections were deparaffinized, rehydrated, and permeabilized with 0.5% Triton X-100 (Sigma), followed by antigen retrieval in boiling 10 mM citric acid. Endogenous peroxidase activity was quenched with 0.6% hydrogen peroxide in methanol, nonspecific binding was blocked with 20% normal serum, and sections were incubated overnight with primary antibody against HMGB1 or HSP70. Biotinylated secondary antibody and avidin-peroxidase complex were applied (Vectastain ABC kit, Vector Laboratories, Burlin-game, CA), and 3,3= diaminobenzidine tetrahydrochloride (Dako, Carpinteria, CA) was used for antibody-antigen binding detection. Slides were counterstained with Harris hematoxylin (Dako), dehydrated, mounted, and analyzed using brightfield microscopy (Axioscope 40, Carl Zeiss, Germany), and images were captured using a Mirax slide scanner (Carl Zeiss). For mouse tail sections, two independent, blinded reviewers counted the number of positively stained cells in at least six to seven high-powered fields (hpf, ϫ40) per tissue section (n ϭ 5 animals per group) at fixed intervals (1 or 5 mm) proximal and distal to the center of the wound bed. For human sections, two independent reviewers counted positively stained cells in 10 -15 hpf per section; counts were expressed as a fraction of the total number of cells per hpf (percent positive cells). Sections from both mouse and human tissue were analyzed by a blinded pathologist.
Immunofluorescence staining of fresh frozen tissues including diaphragms and draining lymph nodes was performed. Briefly, slides were air dried, fixed in acetone (Sigma), and permeabilized with Triton-X. Slides were blocked with 20% normal serum and incubated sequentially with primary antibody against HMGB1, lymphatic vessel endothelial hyaluronan receptor-1 (LYVE-1), or podoplanin (all from Abcam), followed by tetramethyl rhodamine isothiocyanate (TRITC) and fluorescein isothiocyanate (FITC)-conjugated secondary antibodies, respectively (Invitrogen, Carlsbad, CA). Immunofluorescence was imaged using fluorescence microscopy (Akioskope, Carl Zeiss) and AxioVision imaging software (Carl Zeiss). Immunofluorescence staining of tail tissue was performed similarly with hydration and dehydration steps included. For HMGB1/podoplanin colocalization, HMGB1-podoplanin double-positive cells were counted by two independent, blinded reviewers and counts expressed as a percentage of HMGB1ϩ LECs per hpf. For vessel density calculations, the number of LYVE-1ϩ vessels per hpf was determined by blinded reviewers and expressed per area of lymph node tissue, according to previously established techniques (21) .
Western Blot Analysis
After the mice were euthanized, 5-mm tissue sections were harvested at 10-mm intervals along the tail for protein extraction (n ϭ 3-5 animals per group per time point). Tissue was snap frozen in liquid nitrogen and homogenized, and total cellular protein fractions were extracted using T-PER extraction reagent (ThermoFisher Scientific, Rockford, IL) according to the manufacturer's instructions. Alternatively, for analysis of NF-␤, a downstream regulator of HMGB1, we isolated both the cytoplasmic and nuclear (activated) fractions using N-PER extraction reagent (ThermoFisher Scientific). Protein was quantified using the Bradford technique (Bio-Rad, Hercules, CA), pooled (n ϭ 3-5 samples pooled per tail section), and analyzed by Western blot analysis. Briefly, 20 g of protein were subject to 10% SDS-polyacrylamide gel electrophoresis (1ϫ Trisglycine-0.1% SDS buffer) followed by protein transfer to polyvinylidene fluoride membrane (Bioexpress, Kaysville, UT) for 2 h at 4°C in 1ϫ Tris-glycine-20% methanol buffer. Membranes were blocked using 5% nonfat milk in 1ϫ Tris-buffered saline Tween20 solution.
Primary antibodies were used against HMGB1, HSP70, and NF-␤ (all from Abcam) followed by membrane incubation with appropriate horseradish peroxidase-conjugated secondary antibodies (Santa Cruz Biotechnology, Santa Cruz, CA). Antigen-antibody binding was detected by ECL Plus Western Blotting Detection System (GE Healthcare, Little Chalfont, UK). Equal loading was confirmed by detection of ␤-tubulin (Santa Cruz), ␤-actin (Abcam), or TATA binding protein (TATA BP), a transcription factor that binds to a DNA sequence called TATA box and serves as a nuclear loading control (Abcam). All experiments were performed in at least triplicate. Quantification of Western blots was performed using ImageJ analysis (software available at http://rsweb.nih.gov/ij/), and relative signal densities compared as previously described (4).
Statistical Analysis
Multigroup comparisons involving more than one factor (i.e., two time points) were compared using a two-way ANOVA with a Bonferroni posttest analysis. Multigroup comparison involving one factor was performed using one-way ANOVA with the Tukey-Kramer post hoc test. Student's t-test was used for analyzing differences between two groups. For clinical lymphedema samples, a matched Student's t-test was used comparing differences from matched normal and lymphedema samples for each patient. Data are presented as means Ϯ SD unless otherwise noted.
RESULTS
Endogenous Danger Signals are Expressed Along a Spatial Gradient Relative to the Site of Tissue Injury
One week after tail skin excision, immunohistochemical staining revealed peak HMGB1 expression at the site of tissue injury and the presence of a spatial gradient of HMGB1 expression relative to the site of injury (Fig. 1A) . Peak HMGB1 expression occurred within 1 mm of the center of injury (29.0 Ϯ 13.4 cells/hpf, Ϫ1 mm, 34.2 Ϯ 17.2 cells/hpf, ϩ1 mm, Fig. 1C ) with a twofold reduction in cellular expression at more proximal locations (within 5 mm, Fig. 1C , P Ͻ 0.01) and similar though nonsignificant reduction distally (P ϭ 0.055). This spatial expression gradient persisted 3 wk postoperatively (Fig. 1A, bottom) with peak expression occurring within 1 mm of the injury and decreasing in more distally located tissues (52.1 Ϯ 18.6 cells/hpf, ϩ1 mm, 16.6 Ϯ 5.2 cells/hpf, ϩ5 mm, P Ͻ 0.001, Fig. 1C) . Similarly, the number of HMGB1-positive cells/hpf decreased in regions located 5-mm proximal (2.6-fold reduction) and distal (3.2-fold reduction) to the center of the wound (Fig. 1C , P Ͻ 0.001), demonstrating clear gradients of HMGB1 expression in relation to the wound. The differences between regions immediately proximal and immediately distal to the wound were not statistically significant. Similarly, although the mean number of positive cells was higher in the region immediately adjacent to the wound at 3 wk compared with those from 1 wk, these differences did not reach statistical significance. Noninjured tail skin of control animals demonstrated minimal cellular HMGB1 expression, primarily located within the nucleus of dermal fibroblasts and keratinocytes (Fig. 1B) . Immunohistochemical analysis of injured tails additionally revealed nuclear-to-cytoplasmic redistribution of HMGB1 compared with noninjured controls. This was evidenced primarily in fibroblasts and keratinocytes of the dermis (Fig. 2, A and B) in accordance with known mechanisms of HMGB1 activation including cytoplasmic translocation from the nucleus (13, 55) .
HSP70, a chaperone protein released in response to cellular stress (32) , demonstrated an expression pattern similar to that of HMGB1 in response to tissue injury. By IHC, peak cytoplasmic HSP70 expression occurred immediately proximal and distal (within 1 mm) to the center of tissue injury at postoperative week 1, and a spatial gradient of expression was present relative to the site of injury (Fig. 3A) . Similar to HMGB1, the number of positively stained cells decreased approximately twofold at more proximal and distal locations (within 5 mm, Fig. 3C , P Ͻ 0.01). This trend persisted at 3 wk postoperatively as cell counts were largely unchanged (for example, 30.7 Ϯ 6.4 HSP70ϩ cells/hpf at 1 wk vs. 29.1 Ϯ 2.2 cells/hpf at 3 wk, P Ͼ 0.05, 1 mm distal to the wound, Fig. 3C ). In contrast, noninjured skin from control animals had limited dermal and epidermal expression of HSP70 (Fig. 3C ). There was no statistically significant difference in regions immediately proximal or immediately distal to the wound. Together, these data demonstrate that tissue injury induces a local gradient of endogenous danger signal expression relative to the site of injury, and this expression persists into subacute phases of wound healing, at least 3 postoperative weeks. 
Endogenous Danger Signal Expression is Induced in Cells Native to Injured Tissue
We next sought to determine the cellular origins of endogenous danger signal expression after tissue injury. Analysis of immunohistochemical staining distal to the site of injury in mouse tail sections harvested 3 wk postoperatively revealed that cells endogenous to injured tissue including fibroblasts, endothelial cells, smooth muscle cells of vascular endothelium, and adipocytes (Fig. 4 , A-C) demonstrated positive intracellular staining for both markers compared with nonintervened controls. Nuclear-to-cytoplasmic redistribution of HMGB1 was apparent in fibroblasts and myofibroblasts (Fig. 4A, left) , again suggesting activation of this molecule. Skeletal muscle in proximity to the site of injury was positive for HMGB1 and HSP70 (Fig. 4D) . Expression of both markers was upregulated by postoperative week 3 (Fig. 4F) in macrophages but failed to show uniform upregulation in this population by week 1. This finding was supported by positive staining within the bone marrow for both markers at week 3 (Fig. 4E) . Infiltrating neutrophils and lymphocytes were negative for both markers at each time point (Fig. 4G) . These findings suggest that endogenous danger signal expression in injured tissues occurs primarily in intact cells native to the site of tissue injury with expression in inflammatory cells at later time points.
Tissue Injury Induces Endogenous Danger Signal Expression by Lymphatic Endothelial Cells
Interestingly, immunohistochemical staining demonstrated expression of HMGB1 in numerous LECs in the tail sections. Double immunofluorescence for HMGB1 and podoplanin, an LEC marker, localized HMGB1 (red, TRITC) to LECs (green, FITC) in tail sections harvested at 1 and 3 wk postoperatively (Fig. 5, A and B) . The distribution of HMGB1 occurred in a nuclear-to-cytoplasmic pattern (overlay, Fig. 5B ). More than 40% of the LECS in the region within 1 mm of the wound stained positively for HMGB1 (Fig. 5C ) at 3 wk. Similar to other resident cell types, HMGB1 expression occurred in a gradient relative to the site of tissue injury. A higher proportion of LECs stained positively for HMGB1 immediately distal (within 1 mm) to the site of injury with a 2.4-fold and 1.4-fold reduction in expression within 5 mm of the wound at postoperative weeks 1 and 3, respectively (P Ͻ 0.001 at 1 wk, not significant at 3 wk, Fig. 5, C and D) . Furthermore, LEC expression of HMGB1 increased from 1 to 3 wk in both tissue regions, with a 2.2-fold increase in expression in the immediately distal region (Fig. 5C , P Ͻ 0.01) and a 3.9-fold increase 5 mm from the site of injury (Fig. 5C , P Ͻ 0.001). Similar to expression of HMGB1 in other native cells, the expression of this molecule by LECs correlated with proximity to the wound, and there was no difference in sections immediately proximal or immediately distal to the wound (not shown).
Endogenous Danger Signal Expression is Upregulated in Sustained Lymphatic Fluid Stasis
Recent microarray analysis of gene activation in lymphedematous tissue has suggested that endogenous danger signal expression is upregulated in the setting of chronic lymphedema (50) . Based on these findings, we hypothesized that lymphatic fluid stasis in addition to wound healing may induce endogenous danger signal expression. To test this hypothesis, we performed tail excisions to remove the superficial and deep lymphatic system and compared tissue from the proximal nonlymphedematous region of the tail (1.5 cm proximal to the skin excision site, P, Fig. 6A ) to tissues exposed to sustained lymphatic fluid stasis 1.5 cm distal to the wound (D , Fig. 6A ). We chose these regions because they are equidistant from the wound and, more importantly, well away from the zone of inflammation associated with the wound itself. For example, the regions examined in these experiments are nearly 15-fold further from the wound than those examined in Figs. 1-5 . In addition, to further control for the effects of wound healing alone, we performed tail incisions in which the skin was incised but deep lymphatics were uninjured; tissues from the same regions of the tail (P and D; Fig. 6A ) were then harvested.
As expected, tail excision resulted in significant tail volume increases over time demonstrating a 26% increase at 1 wk, 64% increase by 2 wk, and 172.9% increase after 6 wk. In contrast, animals that underwent tail incision developed only minimal edema postoperatively, peaking at 18% by 2 wk and virtually no change by 6 wk (Fig. 6B) . The differences in tail volumes between excision-and incision-treated animals were statistically significant at all time points (P Ͻ 0.05).
At all time points examined, comparison of HMGB1 and HSP70 expression in P and D tail regions revealed increased expression of these molecules in the distal portions of the tail exposed to lymphatic fluid stasis (Fig. 6C) . Even 6 wk after surgery, HMGB1 expression was increased 1.4-fold and HSP70 expression was increased 2.2-fold in the distal tissues relative to the proximal regions of the tail. Furthermore, the expression of these molecules in the distal, lymphedematous segment of the tail increased progressively over time, such that the expression of both HMGB1 and HSP70 was markedly higher (2.2-fold and 1.8-fold, respectively) in distal tail tissues harvested 6 wk after surgery compared with those harvested 1 wk postoperatively. In contrast, expression of HMBG1 and HSP70 in incision-treated animals demonstrated minimal differences when comparing proximal to distal segments of the tail (Fig. 6C) and little difference as a function of time postoperatively. Taken together, these findings strongly suggest that expression of HMBG1 and HSP70 is regulated by gradients of lymphatic fluid stasis.
Cytoplasmic expression of NF-␤, a downstream effector activated by both HMGB1 and HSP70 in proximal and distal tail tissues harvested from excision-treated animals, demonstrated a progressive increase over time in the D segment (3.4-fold increase over P expression by 6 wk, Fig. 6D ). Nuclear NF-␤ expression paralleled these findings, although we noted a smaller relative fold-change in overall expression comparing proximal to distal tissues 6 wk following surgery (1.6-fold increase over P, Fig. 6D ). These findings correlate with the expression patterns of HMGB1 and HSP70 over time in tissues exposed to sustained lymphedema and suggest that the pathways downstream from endogenous danger signals are activated by sustained lymphatic fluid stasis.
Endogenous Danger Signal Expression is Upregulated After Axillary Lymph Node Dissection
In an effort to further differentiate the effects of wound healing from lymphatic fluid stasis on the expression of endogenous danger signals, we modified a mouse axillary lymph node dissection model (51) and determined the expression of INC, bottom) . Protein from tail tissues was harvested 1.5 cm proximal (P) or distal (D) to the wound (W). B: mean percentage change in tail volume at 1, 2, and 6 wk postoperatively (from preoperative baseline) are displayed; bars represent means Ϯ SD. *P Ͻ 0.05, **P Ͻ 0.01. C: Western blot analysis of pooled protein samples (n ϭ 5) from the indicated locations (P, D) for HMGB1, HSP70, or actin at 1, 2, and 6 wk performed for both EX and INC groups. Protein from 1, 2, and 6 wk time points were run simultaneously. ImageJ analysis comparing band density at P and D and normalized to actin are displayed as fold change below blots. D: cytoplasmic and nuclear protein fractions isolated from the same tissue regions were subjected to Western blot analysis for NF-␤ (NF-␤ C and NF-␤ N, respectively), actin, or TATA BP nuclear loading control at 1, 2, and 6 wk. ImageJ analysis demonstrating fold change from P to D and normalized to loading control is displayed below blots. All blots were run in at least triplicate and fold change in band density represents an average of at least 3 ImageJ analyses.
HMGB1 and HSP70 in various regions of the arm comparing animals that underwent lymph node dissection with those that had axillary incision only (sham operation; Fig. 7A ). Three weeks after surgery, we found that axillary dissection resulted in a modest but statistically significant increase in limb volume in the upper portions of the limb when analyzed by MicroCT (P Ͻ 0.05; Fig. 7B ). This finding is not surprising since lymph node dissection does not cause lymphedema acutely either in animals or in the clinical setting (38) . Western blot analysis of tissues obtained from the upper portions of the arm revealed a 1.8-fold increase in HMGB1 and 1.7-fold increase in HSP70 expression in animals that underwent lymph node dissection compared with sham-operated controls (Fig. 7C) . Changes in the lower arm mirrored the changes in limb volume, although were more subtle, resulting in a 1.2-fold increase in expression of both HMGB1 and HSP70 after lymph node dissection. These findings suggest that even modest increases in lymphatic fluid stasis promote the expression of endogenous danger signals and that the expression of these molecules follows gradients of lymphatic fluid stasis.
To translate our mouse model findings and to determine the effects of chronic lymphedema on the expression of endogenous danger signals, we compared the expression of HMGB1 and HSP70 in matched samples obtained from normal and lymphedematous arms of six patients with grade II or III lymphedema secondary to axillary lymph node dissection using immunohistochemistry. When comparing the normal and lymphedematous limbs of the same patient, we found clear differences in the number of HMGB1 and HSP70-positive cells/hpf (Fig. 7, D and E) . To control for differences in cellularity between normal and chronically inflamed lymphedema samples, we calculated the percentage of cells that stained positive for HMGB1 or HSP70 as a function of all cells present in each high-powered field. This analysis revealed a more than twofold (34.0 Ϯ 11.9% vs. 14.4 Ϯ 5.6%, Fig. 7F ) increase in the number of HMGB1ϩ cells (P Ͻ 0.01). Similarly, the percentage of HSP70ϩ cells in lymphedematous tissues was increased almost twofold (29.2 Ϯ 14.4% vs. 15.6 Ϯ 12.4%; P Ͻ 0.01, Fig. 7G ). Analysis of the cellular origins of HMGB1 and HSP70 in these sections demonstrated similar findings to those from our mouse tail model, including increased staining in native fibroblasts, endothelial cells, epithelium, adipocytes, and sweat glands (ϳ50% positivity; not shown). Lymphocyte populations largely stained negative for both markers. Most prominent staining included dermal fibroblasts for HSP70. Together, these findings further support the conclusion that the expression of endogenous dangers signals is increased by lymphatic fluid stasis and is chronically upregulated in lymphedematous tissues.
HMGB1 Blockade Attenuates Inflammatory Lymphangiogenesis in Draining Lymph Nodes
To determine whether inflammation independent of wound healing activates endogenous danger signal expression, we used a model of inflammatory lymphangiogenesis in which mice were administered intraperitoneal injections of LPS daily for 2 wk (n ϭ 6 per group) to induce chronic peritonitis and inflammatory lymphangiogenesis on the peritoneal diaphragm surface (21) . LPS induced a moderate though not significant increase in the number of HMGB1-positive cells (see online supplemental Fig. S1 at the AJP-Cell Physiol website). Interestingly, however, LPS treatment resulted in a greater than twofold increase in the number of LECs that stained positive for HMGB1 (50.5 Ϯ 16.2% vs. 24.2 Ϯ 18.9%; P Ͻ 0.001; Fig. 8, A and B) , suggesting that inflammation upregulates the expression of HMGB1 in LECs.
Finally, in an effort to determine the functional effects of HMGB1 activation in LECs during inflammation, we used a lymph node lymphangiogenesis model and studied the effects of systemic GLZ, a well-characterized inhibitor of HMGB1 function (30) . We used the lymph node model since we found that peritoneal lymphangiogenesis using LPS was associated with some toxicity due to the fact that LPS was administered frequently (i.e., daily for 2 wk). GLZ treatment without CFA-OVA had no significant effect on lymph node lymphangiogenesis or inflammation (Fig. 8, C and D) . Treatment with CFA-OVA resulted in marked increases in lymph node size and inflammation either with or without GLZ (Fig. 8D) . Interestingly, analysis of lymphatic vessel density demonstrated that blockade of HMGB1 with GLZ significantly decreased CFA-OVA-induced lymphangiogenesis (35% reduction in mean vessel density, P Ͻ 0.01, Fig. 8, E and F) suggesting that HMGB1 contributes to the regulation of inflammatory lymphangiogenesis.
DISCUSSION
Endogenous danger signals mediate activation and recruitment of cells of the innate immune system to modulate wound healing and tissue repair (48) . To characterize the role of these molecules in the local wound environment, we determined the temporal and spatial patterns of local endogenous danger signal expression following acute tissue injury. Prior studies have demonstrated that the release of endogenous danger signals occurs early although not immediately following sterile tissue injury (20, 23) . HMGB1 has since been denoted as a late mediator of inflammation given that serum HMGB1 levels are minimally detectable at 8 h and plateau after 16 -32 h following endotoxin exposure (54) . Wound healing studies additionally have shown that normal and diabetic mice injured by 4-mm skin punch biopsies demonstrate peak HMGB1 expression at 3 days postinjury (49) , and further studies report persistence of these signals at postoperative day 4 following epidermal injury (45) . However, few studies have investigated the precise temporal expression of these molecules beyond the early phases of tissue injury.
The results of our study show that local endogenous danger signal expression occurs along a spatial gradient relative to the site of wounding and persist beyond immediate phases of injury. In fact, in our mouse tail model of tissue injury, both local HSP70 and HMGB1 tissue expression were sustained after 3 postoperative weeks. In addition to wound healing, the expression of HMGB1 and HSP70 was elevated in lymphedematous tissues located well away from the zone of injury. Marked upregulation of both molecules was sustained at even 6 wk postoperatively in tissues exposed to persistent edema compared with nonedematous proximal tissues or compared with sham-operated tails. In support of this, HMGB1 and HSP70 was upregulated and correlated with axillary lymphadenectomy in a mouse model. Even more importantly, we found that the expression of endogenous danger signals was increased in tissue obtained from clinical lymphedema samples compared with normal tissues. Finally, our findings are supported by the fact that both cytoplasmic and nuclear expression of NF-␤, a downstream effector of HMGB1 (34), persisted and were elevated even 6 wk after surgery, suggesting downstream activation of pathways regulated by HMGB1 (17, 22, 36) within lymphedematous tissues. Together, these findings suggest that HMGB1 and HSP70 expression are regulated not only by wound healing but by gradients of interstitial fluid stasis.
Whereas endogenous danger signals are known to undergo extracellular secretion following tissue injury and serve as proinflammatory mediators (2, 54) , the precise cellular origins of these molecules have not been determined in the setting of chronic wounds. Previous studies have shown that HMGB1 is actively secreted by monocytes (12) , macrophages (42, 54) , NK cells, and mature myeloid dendritic cells (47) . In addition, this molecule is passively released from necrotic cells (46) . In the current study, we show that increased expression of HMGB1 and HSP70 occurs in native cell types including fibroblasts, muscle and nerve cells, adipocytes, and LECs both acutely and even as long as 3 wk after wounding. In addition, we found that expression of these factors in macrophages occurred primarily in the subacute phases of wound healing (i.e., 3 wk postoperatively). Thus it is possible that initial release of endogenous danger signals from necrotic cells in the wound as well as active production of these molecules by native and infiltrating inflammatory cells contribute to ongoing inflammation and initiation of reparative cascades. This hypothesis is supported by the findings of Hamada et al. (16) in models of pulmonary fibrosis demonstrating HMGB1 expression in bronchiolar epithelial cells in the early phases of bleomycin injury followed by expression in infiltrating inflammatory cells and epithelial cells of fibrotic lesions at later time periods (7-14 days after bleomycin instillation). This hypothesis is further supported by studies demonstrating that, in addition to upregulation in myeloid-derived cell populations, a variety of nonmyeloid-derived cell types including vascular smooth muscle cells (18, 41) , endothelial cells (31), and neurons (11) express and secrete HMGB1 in response to inflammatory stimuli.
Interestingly, we noted that LECs expressed HMGB1 in response to inflammation. This finding is important since recent studies have demonstrated that LECs express multiple TLRs and that activation of these receptors can induce macrophage recruitment and inflammatory lymphangiogenesis (37) . Thus, similar to bacterial or viral byproducts, activation of endogenous danger signals by LECs in response to wounding or interstitial fluid stasis may directly activate TLRs located on LECs to initiate cellular interactions with infiltrating inflammatory cells. In support of this concept, we observed that blockade of HMGB1 with GLZ, a naturally occurring inhibitor of HMGB1, led to significant reductions in inflammatory lymphangiogenesis within draining lymph nodes stimulated by CFA-OVA. This finding provides evidence that HMGB1 may play a modulatory role in inflammatory lymphangiogenesis; however, further studies will be required to elucidate the mechanism of this process.
In conclusion, we have shown that the endogenous danger signals, HMGB1 and HSP70, are expressed along a spatial gradient relative to the site of tissue injury that persists during subacute phases of wound healing. Interstitial fluid accumulation and chronic lymphatic fluid stasis led to sustained expression of these molecules within lymphedematous tissue from animal models and matched human biopsy specimens. Cells native to injured tissue, including LECs, upregulate these molecules in response to tissue injury or inflammation. Given the well-defined role of HMGB1 as a chemoattractant for inflammatory cells (44, 54) and activating signal for cells of the innate immune system (28, 54) , the persistence of this molecule in the wound microenvironment suggests its presence may be an inciting event promoting inflammatory responses associated with chronic lymphedema.
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